Introduction {#Sec1}
============

We report on a convenient pathway to γ-hydroxy-α-(arylmethyl)carboxylates. Starting from lactones such as α-angelica lactone, treatment with carboxaldehydes such as benzaldehyde is known to lead to α-arylidenefuran-2-ones (Fig. [1](#Fig1){ref-type="fig"}b) \[[@CR1]\]. Recently, we investigated the application of *N*-heterocyclic carboxaldehydes \[[@CR2]\]. y-Butyrolactone or y-valerolactone can be used as starting materials, too and yield various derivatives \[[@CR3]--[@CR5]\]. Ring-opening of the lactone by saponification leads to a γ-hydroxy-α-(aryl/alkylmethyl)carboxylate (Fig. [1](#Fig1){ref-type="fig"}b). The structural motif of γ-hydroxypentanoic acid resembles the structure of lactic acid elongated by a C~2~-spacer unit (Fig. [1](#Fig1){ref-type="fig"}a). The alkyl/arylmethyl substitution in α-position resembles the structural motif of various amino acids (Fig. [1](#Fig1){ref-type="fig"}a). For example, R^1^ = H and R^2^ = benzyl (Fig. [1](#Fig1){ref-type="fig"}b) corresponds to the 2-hydroxyethyl analog (**1**) of phenylalanine (Fig. [1](#Fig1){ref-type="fig"}a). Amino acid analogs are of interest for various reasons and derivatives with an hydroxy instead of the amino moiety are of potential use, e.g. for unnatural peptides \[[@CR6], [@CR7]\]. Our motivation for the synthesis of 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoic acid (**2**) was an investigation of its cocondensation with lactic acid. The condensation of lactic acid, in comparison to the ring-opening polymerization of lactide, is an important technique especially for the large scale synthesis of poly(lactic acid) (PLA) \[[@CR8]\]. Functionalized PLAs are of interest in view of enhanced material properties and biological or medical activity \[[@CR9]--[@CR11]\]. We are interested in the introduction of biocompatible (biodegradable) *N*-donor moieties in the PLA chain to coordinate various metal ions \[[@CR12]\] and to achieve a thermal stabilization via metal ion crosslinking \[[@CR13]\].Fig. 1Pathway to γ-hydroxy-α-(aryl/alkylmethyl)carboxylates. **a** Structural motif of 4-hydroxy-2-(phenylmethyl)butanoic acid **(1)** (2-benzyl-4-hydroxybutanoic acid) in comparison to phenylalanine and 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoic acid (**2**) in comparison to histidine and lactic acid. **b** General synthetic pathway starting from α-angelica lactone or y-butyrolactone

Main text {#Sec2}
=========

Experimental section {#Sec3}
--------------------

The synthesis of the precursors (*E*)-5-methyl-3-((*N*-methylpyrazol-4-yl)methylene)furan-2-one (**7**), 5-methyl-3-((*N*-methylpyrazol-4-yl)methyl)dihydrofuran-2-one (**9**), and (*E*)-3-benzylidendihydrofuran-2-one (**6**) has been performed according to our previous publication \[[@CR2]\]. 3-Benzyldihydrofuran-2-one (**8**) has been prepared according to literature \[[@CR14]\].

Details concerning equipment, purification of starting materials and procedure for polycondensation are given in Additional file [1](#MOESM1){ref-type="media"}.

General procedure for saponification {#Sec4}
------------------------------------

Equimolar amounts of aqueous NaOH (*c* = 1--2 wt%) and lactone are slowly heated in a small round bottom flask under continuous stirring to reflux conditions. After 3 h, the solution is cooled down, extracted 3× with chloroform to remove impurities and the water phase is reduced in vacuo. The resulting salt is dried in high vacuo.

Synthesis of sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoate (**3**) {#Sec5}
----------------------------------------------------------------------------------

According to the general procedure, NaOH (0.680 g, 16.99 mmol) and 5-methyl-3-((*N*-methylpyrazol-4-yl)methyl)dihydrofuran-2-one (**9**) (3.300 g, 16.99 mmol) yield sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoate (**3**) as slightly yellow solid. Yield: 3.900 g (98%).

The full characterization including all ^1^H and ^13^C NMR, IR and mass spectral data is given in Additional file [1](#MOESM1){ref-type="media"}.

Synthesis of sodium 4-hydroxy-2-(phenylmethyl)butanoate (**4**) (2-benzyl-4-hydroxybutanoate) {#Sec6}
---------------------------------------------------------------------------------------------

According to the general procedure, NaOH (0.023 g, 0.567 mmol) and 3-benzyldihydrofuran-2-one (**8**) (0.100 g, 0.567 mmol) yield sodium 4-hydroxy-2-(phenylmethyl)butanoate (**4**) as white solid. Yield: 0.083 g (68%).

The full characterization including all ^1^H and ^13^C NMR, IR and mass spectral data is given in Additional file [1](#MOESM1){ref-type="media"}.

Synthesis of sodium 4-hydroxybutanoate (**5**) {#Sec7}
----------------------------------------------

According to the general procedure, NaOH (0.233 g, 5.816 mmol) and γ-butyrolactone (dihydrofuran-2-one) (0.501 g, 5.816 mmol) yield sodium 4-hydroxybutanoate (**5**) as white solid. Yield: 0.682 g (93%).

The full characterization including all ^1^H and ^13^C NMR, IR and mass spectral data is given in Additional file [1](#MOESM1){ref-type="media"}.

Synthesis of sodium (*E*)-2-((*N*-methylpyrazol-4-yl)methylene)-4-oxopentanoate (**10**) {#Sec8}
----------------------------------------------------------------------------------------

According to the general procedure, NaOH (0.105 g, 2.63 mmol) and (*E*)-5-methyl-3-((*N*-methylpyrazol-4-yl)methylene)furan-2-one (**7**) (0.500 g, 2.63 mmol) yield sodium (*E*)-2-((*N*-methylpyrazol-4-yl)methylene)-4-oxopentanoate (**10**) as red solid. Yield: 0.269 g (45%).

The full characterization including all ^1^H and ^13^C NMR, IR and mass spectral data is given in Additional file [1](#MOESM1){ref-type="media"}.

Results and discussion {#Sec9}
======================

α-Angelica lactone has been identified as one of the key components from biomass to valuable chemical products \[[@CR15]\]. Recently, we presented the synthesis of the *N*-donor functionalized (*E*)-5-methyl-3-((*N*-methylpyrazol-4-yl)methylene)furan-2-one (**7**) from α-angelica lactone \[[@CR2]\]. Here, we investigated ring-opening of the lactone ring towards functionalized γ-hydroxycarboxylates. Treatment of **7** with NaOH/H~2~O yields sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methylene)pent-3-enoate, which immediately isomerizes to its tautomer sodium (*E*)-2-((*N*-methylpyrazol-4-yl)methylene)-4-oxopentanoate (**10**) in 45% yield (not optimized) (Fig. [2](#Fig2){ref-type="fig"}). The formation of **10** is clearly indicated by two signals at 207.3 (CO) and 171.4 (CO~2~^−^) in the ^13^C nuclear magnetic resonance (NMR) spectrum as well as the carbonyl vibration at 1652 cm^−1^ in the infrared (IR) spectrum. **10** is in possession of a versatile and stiff structural motif with a 1,4-diketone unit, a monoanionic carboxylate donor and an oppositely orientated neutral *N*-donor, making it an interesting candidate for metal organic frameworks.Fig. 2Synthesis of 4-hydroxy-2-(arylmethyl)carboxylates starting from (*E*)-3-benzylidendihydrofuran-2-one (**6**) and (*E*)-5-methyl-3-((*N*-methylpyrazol-4-yl)methylene)furan-2-one (**7**), hydrogenation to 3-benzyldihydrofuran-2-one (**8**) and 5-methyl-3-((*N*-methylpyrazol-4-yl)methyl)dihydrofuran-2-one (**9**) and finally saponification to sodium 4-hydroxy-2-(phenylmethyl)butanoate (**4**) and sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoate (**3**)

As the tautomerism towards the keto-form prohibits the use of **10** as bifunctional comonomer, **7** was hydrogenated to **9** according to procedures given in literature \[[@CR2]\]. Subsequent ring-opening of the lactone yields the sodium salt (**3**) of the corresponding γ-hydroxy-α-(arylmethyl)pentanoic acid in excellent yields of 98%. Formation of the anion **3** is proven by the signal at m/z = 211.1 in the electrospray ionization (ESI) mass spectra (anion mode) as well as the broad signal at 6.73 ppm in the ^1^H NMR spectrum for the hydroxy group. Owed to the diastereotopic protons in position 3 and 6 (see Fig. [2](#Fig2){ref-type="fig"} for labeling) and resulting inequivalent protons in the ^1^H NMR spectra, the NMR spectrum of **3** is rather crowded. Nevertheless, all protons could be identified and all couplings were resolved unambiguously with the help of 2D-NMR techniques. To check the general applicability of the pathway, the sequence was repeated starting from benzaldehyde and γ-butyrolactone and subsequent hydrogenation of the resulting (*E*)-3-benzylidendihydrofuran-2-one (**6**) to 3-benzyldihydrofuran-2-one (**8**). Final saponification of the lactone ring leads to the sodium salt (**4**) of the corresponding γ-hydroxy-α-(arylmethyl)butanoic acid in a yield of 68%. Again, the formation of **4** is clearly indicated by the signal at m/z = 193.1 in the mass spectra (anion mode) as well as the full set of NMR data.

Acidification towards the free acids {#Sec10}
------------------------------------

The protonation of **3** and **4** to the free acids **1** and **2** was not straightforward. Protonation of **3** with several methods only allowed to isolate the corresponding lactone **9** in moderate to good yields (HCl and extraction with chloroform at various pH values: 20%; ion exchange column: 64%; HCl, drying and soxhlet extraction with THF: 83%). Even working with exact equimolar amounts of the sodium salt **5** and freshly titrated HCl led to a mixture of lactone **9**, the free acid **1** and sodium chloride from which only lactone **9** could be isolated. The same observation is valid for the carboxylate **4**, from which solely lactone **8** was isolated in 64% yield after acidification.

In literature, the instability of γ-hydroxycarboxylic acids has been reported early \[[@CR16]\]. Recent examples describe the recovery of the lactone by extraction after protonation of the γ-hydroxycarboxylate \[[@CR17]\]. On the other hand, the isolation of the free γ-hydroxycarboxylic acid after acidification of the potassium salt and subsequent extraction is reported, too \[[@CR18]\]. Commonly, the γ-hydroxycarboxylate is protonated in situ \[[@CR19]\] or the crude mixture after acidification of the γ-hydroxycarboxylate is directly used for further transformations \[[@CR20], [@CR21]\]. An interesting aspect is the potential stabilization of the γ-hydroxycarboxylic acid by basic moieties of the molecular structure and formation of a zwitterionic species \[[@CR22]\]. Although **1** is in possession of a nitrogen donor, the formation of a tautomer with a pyrazolium cation and carboxylate anion is rather unlikely. According to the p*K*~S~ values, the protonated *N*-methylpyrazolium cation (p*K*~S~: 3.55) is more acidic than γ-hydroxybutyric acid (p*K*~S~: 4.71) or β-phenylpropionic acid (p*K*~S~: 4.64) as comparable carboxylic acids \[[@CR23]\]. Consequently, a significant fraction of **1** should be present as neutral species which matches with the observed formation of the lactone **9**.

Since results in literature report the immediate formation of the lactone as well as the isolation of the γ-hydroxycarboxylic acid after protonation, here we performed an NMR experiment based on γ-butyrolactone as the basic structural motif (Fig. [3](#Fig3){ref-type="fig"}). The ^1^H NMR spectra of sodium 4-hydroxybutanoate (**5**) in D~2~O revealed solely the γ-hydroxycarboxylate (Fig. [3](#Fig3){ref-type="fig"}b). Subsequently, HCl was added up to pH = 3 to ensure complete protonation of the carboxylate. Immediately after addition, and within the water phase, intramolecular condensation towards γ-butyrolactone (85%) took place. Obviously, the reaction is not substantially kinetically hindered since a second measurement after 10 days did not strongly change the composition. The extraction of this mixture with chloroform led to nearly pure γ-butyrolactone (Fig. [3](#Fig3){ref-type="fig"}b). The long-time interconversion of γ-butyrolactone and γ-hydroxybutyric acid at ambient conditions in aqueous media, with a focus on beverages at varying pH values, has been investigated more detailed in literature \[[@CR24]\].Fig. 3Formation of γ-butyrolactone from sodium 4-hydroxybutanoate (**5**). **a** Synthesis of **5** from γ-butyrolactone and recovery of the lactone after acidification. **b** ^1^H NMR spectra of **5** (bottom), after addition of HCl (pH = 3) directly after the addition and after 10 days, ^1^H NMR of the reaction product obtained after extraction of the water phase with chloroform and pure γ-butyrolactone (top). All spectra measured in D~2~O

Polycondensation {#Sec11}
----------------

Finally, the cocondensation of **2** with lactic acid was investigated. Since acidification of **3** and isolation of the product leads to the lactone **9** as described above, sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoate (**3**) was treated with equimolar amounts of HCl and the resulting raw mixture was used as comonomer. Of course, the strongly acidic medium provided by lactic acid (p*K*~S~: 3.86 \[[@CR23]\]) can be assumed to promote the intramolecular ring closure even further. On the other hand, acid-catalyzed ester hydrolysis of the lactone ring can be expected \[[@CR24]\], especially at the elevated temperatures of the polycondensation reaction. First, polycondensation conditions given in literature \[[@CR25]\] were adapted and optimized in terms of catalyst concentration and temperature profile towards a small batch size of 5 g. The protocol for all polycondensation reactions is given in Additional file [1](#MOESM1){ref-type="media"}. With 1 mol% titanium *n*-butoxide as catalyst and at 180 °C, pure poly(lactic acid) with a molecular weight of *M*~n~ = 10,600 g/mol (*M*~w~ = 15,500 g/mol) (rel. polystyrene calibration) was achieved. Subsequently, the condensation was repeated after addition of 5 and 10 mol% of the acidified mixture of **3**. Size exclusion chromatography (SEC) revealed a lower molecular weight (*M*~n~ = 2600 g/mol) which increased to *M*~n~ = 4100 g/mol at longer reaction times (see Additional file [1](#MOESM1){ref-type="media"}: Table S1 for the results of all cocondensation reactions). To further analyze the reaction product, diffusion ordered NMR spectroscopy (DOSY) measurements of the crude mixture after polycondensation were performed. As visualized in Additional file [1](#MOESM1){ref-type="media"}: Figure S3, several oligomers of pure lactic acid, identified by the ^1^H NMR signals around 1.55 ppm and 5.15 ppm, were formed. The DOSY data revealed a highest molecular weight fraction with a diffusion coefficient around 2.2 × 10^−10^ m^2^/s and a main fraction between *D* = 2 × 10^−10^ m^2^/s and 4 × 10^−10^ m^2^/s, roughly matching with the results from SEC (*D* = 3 × 10^−10^ m^2^/s is recalculated to approx. 3300 g/mol). The signals assigned to **2** or the corresponding lactone **9**, identified by the pyrazol protons around 7.2 and 7.3 ppm, belong to a very fast diffusing species (8 × 10^−10^ m^2^/s) and consequently a monomeric molecule.

Overall, the results allow concluding that the hydroxycarboxylic acid **2** is not incorporated into the PLA chain. This can be readily explained by the preferred intramolecular condensation towards the corresponding lactone **9**. The slight decrease of the molecular weights obtained in presence of **2**/**9** can be explained by *N*-coordination of the nitrogen donor towards the metal catalyst.

Limitations {#Sec12}
===========

Starting from α-angelica lactone and γ-butyrolactone an efficient pathway to γ-hydroxy-α-(arylmethyl)carboxylates which resemble the structural motif of lactic acid and amino acid analogs was investigated. As proof of concept, sodium 4-hydroxy-2-((*N*-methylpyrazol-4-yl)methyl)pentanoate (**3**) and sodium 4-hydroxy-2-(phenylmethyl)butanoate (**4**) were synthesized in three steps.The free γ-hydroxy-α-(arylmethyl)carboxylic acids obtained after protonation of the carboxylates were found to be unstable due to immediate intramolecular condensation towards the corresponding lactones.The application as comonomer for the polycondensation with lactic acid towards functional poly(lactic acid)s was found to be not possible.

Additional file
===============

 {#Sec13}

**Additional file 1.** Supporting information contains details concerning equipment, measurement parameters, suppliers of chemical substances, purification/drying of starting materials, procedure for polycondensation reactions, molecular weight of all polycondensation products, all analytical data for compounds **3**, **4**, **5** and **10**, DOSY NMR spectra of **9** and the polycondensation product of lactic acid in presence of **3** after equimolar acidification as well as raw ^1^H and ^13^C NMR spectra of **3**, **4**, **5** and **10.**

DMSO

:   dimethyl sulfoxide

DOSY

:   diffusion ordered spectroscopy

ESI

:   electrospray ionization

IR

:   infrared

NMR

:   nuclear magnetic resonance

PLA

:   poly(lactic acid)

SEC

:   size exclusion chromatography

THF

:   tetrahydrofurane
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